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Abstract

The development of alternative architectures for genetic information-encoding systems offers the
possibility of new biotechnological tools as well as basic insights into the function of the natural
system. In order to examine the potential of benzo-expanded DNA (XxDNA) to encode and transfer
biochemical information, we carried out a study of the processing of single XDNA pairs by DNA
Polymerase | Klenow fragment (Kf, an A-family sterically rigid enzyme) and by the Suffolobus
solfataricus polymerase Dpo4 (a flexible Y-family polymerase). Steady-state kinetics were
measured and compared for enzymatic synthesis of the four correct XDNA pairs and twelve
mismatched pairs, by incorporation of dNTPs opposite single XDNA bases. Results showed that,
like Kf, Dpo4 in most cases selected the correctly paired partner for each XDNA base, but with
efficiency lowered by the enlarged pair size. We also evaluated kinetics for extension by these
polymerases beyond XDNA pairs and mismatches, and for exonuclease editing by the Klenow exo
+ polymerase. Interestingly, the two enzymes were markedly different: Dpo4 extended pairs with
relatively high efficiencies (within 18—-200-fold of natural DNA), whereas Kf essentially failed at
extension. The favorable extension by Dpo4 was tested further by stepwise synthesis of up to four
successive XDNA pairs on an xDNA template.

Introduction

A primary goal of biomimetic chemistry is to generate designed molecules that function as
much as possible like their natural congeners.! The purpose of this mimicry is multifold:
first, it tests our knowledge of the mechanisms by which complex biomolecules function,
and second, if these designed molecules function well, such molecules can be useful as
probes and as tools in biological and biomedical applications. In the realm of nucleic acids,
much work has been directed to the design of DNA analogs in which the sugar-phosphate
backbone is replaced with other scaffolds.2 Although a number of such analogs have proven
quite successful in helix formation, relatively few have been shown to be competent in
replication by acting as substrates for polymerase enzymes.3

As compared with the voluminous literature on DNA backbone variations, much less work
has focused on biomimetic chemistry of the DNA bases, even though it is these heterocycles
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that encode the biological information of cellular function. However, several laboratories
have recently demonstrated novel DNA base and base pair structures that can support not
only base pair formation and double helix stabilization, but also the ability to function with
polymerase enzymes.* To date, nearly all of this work has focused on the design of base
pairs that can function within the context of the natural genetic system; that is, the natural
double helix architecture and natural replicating enzymes. Some of the goals of such work
have been to develop useful probes for basic science,3" new base pairs that can add to the
genetic alphabet, %! and useful biotechnological tools.*™

One may ask, however, whether there are other base pair and genetic system architectures
that may also function as DNA does. To address this question, we have developed a size-
expanded DNA (XDNA) design (Fig. 1), in which all base pairs are ca. 2.4 A° larger than
Watson—Crick pairs as a result of benzo-fusion of the natural heterocycles.>8 Studies have
shown that xDNA forms antiparallel helices with hydrogen-bonded and stacked base pairs
analogous to Watson—Crick pairs. These helices are more stable than B-DNA because of the
superior stacking properties of the larger, more hydrophobic bases.894 In addition to this
favorable stability, the sequence selectivity and inherent fluorescence of xDNAs may be
useful in the development of tools and probes in biochemical and biological systems.>’

Very recently, a number of other size-expanded base pairing designs have been reported
from other laboratories as well, underscoring the general interest in design of genetic sets
with novel architectures.® Matsuda has described base pairs designed to form four hydrogen
bonds; in some pairing arrangements these are expected to form base pairs with larger-than-
natural size.82P Inouye recently reported an alkyne-DNA design in which DNA bases were
extended outward from deoxyribose by an ethynyl bridge.& In addition to these, Jovin,8d
Battersby®¢ and SwitzerS' have performed experiments with purine—purine pairing
architectures, using pairs such as G-isoG and A-hypoxanthine. Although structures are not
yet available in those other systems, all are expected to have a similar magnitude of
structural expansion as xDNA, which has been measured in recent structural studies to have
a glycosidic C1'~C1’-distance across the base pair of ca. 13.3 A° (Fig. 1B), nearly 25%
greater than that of natural DNA.? In addition, evidence of an even larger base pair
architecture based on naphtho-expansion of bases has been reported.10

With respect to its biomimetic properties, XDNA exhibits many of the successful structural
and biophysical properties of natural DNA. However, for true biochemical and biological
function, a designed genetic system must encode sequence information and catalyze its
transfer to a copy. This is a challenge for biomimicry because natural polymerase enzymes,
which are highly specific, evolved to carry out replication using the natural purine—
pyrimidine base pair architecture. Indeed, many replicative enzymes are highly sensitive to
steric size and shape of base pairs.11 Despite this expected structural bias against
noncanonical DNA, however, it is important first to evaluate how flexible these enzymes are
to such expanded designs; it is possible that a small amount of activity may ultimately be
improved through enzyme modification.12 Moreover, in a recent study, two XDNA bases
were reported to be surprisingly efficient in replication bypass in living £. coli cells;!3 thus it
is of interest to evaluate how isolated bacterial enzymes of different classes can process
XDNA.
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Here we describe the first detailed studies of the /in vitro enzymatic function of size-
expanded DNA as an encoder of genetic information, by studying the substrate capabilities
of xXDNA pairs with a natural replicative polymerase, £. coli DNA polymerase | (Klenow
fragment, Kf), and with a repair polymerase, Dpo4 from Solfolobus solfataricus. We find
that both enzymes possess useful but distinct capabilities in replicating individual xXDNA
pairs. Furthermore, their properties are complementary, in that the former enzyme can
synthesize and edit XDNA pairs correctly, while the latter extends the pairs efficiently. The
results suggest strategies for /n vitro replication of xXDNA and other large-sized genetic sets,
and they also shed light on the recent experiments in bacteria.

Nucleotide insertion by Kf and Dpo4 polymerases

The two enzymes for these experiments were chosen on the basis that (a) they have been
widely used for /n vitro DNA synthesis studies; (b) they are both bacterial enzymes and are
thus most relevant to the recent cellular replication studies, and (c) they are quite different
from one another enzymatically and biologically. The Kf enzyme is a well-studied, relatively
high fidelity enzyme of the pol A group;1® steric probing has been revealed to be highly
sensitive to varied nucleobase sizes.1® A preliminary study of nucleotide insertion opposite
XDNA bases showed some success with Kf, albeit with low efficiency.13 In contrast, the
Dpo4 enzyme is a Y-family repair enzyme, and steric probing experiments have revealed it
to be sterically much more flexible, consistent with its open and uncrowded structure around
the active site.17:18 Dpo4 has not yet been tested with XDNA, and no enzyme has been tested
for its ability to extend beyond xXDNA pairs, a step that is often a major block for unnatural
base pairs. In addition, the possibility of polymerase proofreading of this unnatural pair
geometry has not been explored.

We carried out single nucleotide insertion experiments using a 28mer DNA containing single
XDNA bases at one position. A 32P-labeled 23mer DNA primer was paired with it such that
the XDNA base was located immediately downstream of the primer 3" terminus. Enzymatic
incorporation of an additional nucleotide opposite the XDNA base was carried out in the
presence of varied concentrations of added dNTP, and the results were measured by
quantitative analysis after denaturing polyacrylamide gel electrophoresis.

Values of Vinax/ Kim for single-nucleotide insertions are plotted in Fig. 2, showing the data for
Dpo4 compared with previous data for Kf exo-.13 The full numerical data are tabulated in
Table S1 (ESIT). The experiments revealed that the Dpo4 enzyme most efficiently inserted
the correct partner for three of four XDNA bases (XA, XC, XG) but showed no selectivity
with XT in the template, where dATP, dCTP and dTTP were all inserted approximately
equally efficiently. The overall efficiencies for synthesizing the four correct XDNA pairs
were lower than thatof a natural DNA pair by factors of 280 to 480 in Vjax/ K. For the
three cases in which the correct pair was successfully chosen, the selectivity was quite low
(and lower than that of Kf (see Fig. 2)), ranging from factors of 1.4 21 for the right
nucleotide over the next-closest incorrect one. Overall, the results for Dpo4 pol are not
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greatly different from those obtained previously for Kf, except that average efficiencies were
higher for the latter.

Base pair extension by Kf and Dpo4 polymerases

Next we evaluated the properties of the Kf and Dpo4 enzymes in extending a single XDNA
base pair or mismatch. To carry out these measurements we used the same four 28mer
templates as above, each containing one XDNA base. To these we hybridized radiolabeled
DNA primers that were one nucleotide longer (24nt) than for the above base pair synthesis
studies. The 3’-terminal base of the primer was thus hybridized opposite an xXDNA base,
forming a terminal XDNA base pair or mismatch. We then measured the proficiencies of the
enzymes in inserting an additional nucleotide at the primer terminus, thus extending the
XDNA pair by a normal DNA base pair. We evaluated steady-state kinetics for both
enzymes, using all sixteen combinations of matched and mismatched termini. The data are
plotted graphically for comparison in Fig. 2C,D. The numerical data are available in Tables
S2 (for Kf) and S3 (Dpo4).t

Unlike the XDNA pair synthesis studies, where the two enzyme activities were not greatly
different, the extension studies revealed striking differences between these two polymerases.
The kinetics data show that Kf pol almost completely failed at extending XDNA pairs,
whether correctly matched or not (Fig. 2C, Table S27). The efficiencies of extension (as
judged by Vinax! Kim Values) were 4— 5 orders of magnitude below those for extending
canonical base pairs. Moreover, only one case of four (extension of T-xA) was selective for
a correctly matched pair over mismatches. The most readily extended mismatches involved
x-pyrimidines paired with pyrimidines (specifically, T-xC and T-xT mismatches). They
were extended approximately as readily as a natural T-G mismatch.

In contrast to this, the kinetics data for extension by Dpo4 show relatively efficient extension
of XDNA pairs. This large difference is readily seen by comparing Fig. 2C and 2D.
Extension efficiency with Dpo4 was lower than that of natural pairs by only relatively small
factorsof 18-200. These efficiencies were essentially the same in magnitude as for extension
of T-G/G-T mismatches by this enzyme, except for T-xA, which was more efficient by an
order of magnitude. The Dpo4 enzyme also showed better selectivity in extension than did
Kf: In two cases (xA, xG-C) the correctly matched pair was extended most readily. In the
third case (xC— G) one of the mismatches was as well extended as the matched pair. Only in
the case of XT was a mismatched pair (T-xT) more efficiently extended than the matched
pair.

Synthesis and extension of multiple xDNA pairs by Dpo4 pol

The above results showed relatively facile extension of a large-sized xDNA pair by Dpo4. To
test the limits of this steric permissiveness further, we carried out new experiments aimed at
possible synthesis of multiple consecutive XDNA pairs. We used a 20mer XDNA template
strand and DNA primers of varying length (14-17 nt) (Fig. 3). Each primer was tested for
extension in the presence of each of the four natural dNTP's, to examine sequence
selectivity; the template contained a different expanded base at each successive position
downstream, thus allowing us to test XA, XC, xT, XG individually as template bases. Results
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showed clearly that xDNA primer—templates could be extended well by Dpo4 at each
successive position. In addition, although some misincorporation was observable, the
expected complementary nucleotide was incorporated considerably more efficiently than the
mismatches in all four cases.

Terminal base pair editing by Kf exo+ polymerase

Replicative polymerases increase their fidelity by editing the terminal pairs just synthesized:
mismatched nucleotides at the primer 3”-end are removed more rapidly than correctly
matched ones.1® To begin to explore this third polymerase activity with expanded DNA
pairs, we tested the ability of 3’-exonuclease-proficient Klenow polymerase (Kf exo+) to
discriminate between matched and mismatched xDNA pairs at the terminus of a primer—
template duplex. This was done as above, with radiolabeled primer, but in the absence of
added dNTPs, to allow editing to proceed in the absence of base pair synthesis. We
monitored removal of the 3”-terminal primer nucleotide by gel electrophoresis.

The steady-state kinetics data are given in Table 1. The data show that for each of the four
XDNA bases in the template, the Kf enzyme edited mismatched primer termini more readily
than the correctly matched ones. The differences were small, ranging from factors of 1.5-2
in Vipax/ Km- This selectivity is smaller than for natural matches and mismatches, where the
selectivity was 5- 6-fold in favor of editing mismatched pairs in these experiments. The
overall efficiency of editing correctly matched pairs XDNA pairs was similar to that of
matched natural base pairs.

Discussion

Our data show that there is one large functional difference between the Kf and Dpo4
enzymes in processing XDNA pairs, and that is in the base pair extension step. Dpo4 extends
single xDNA pairs relatively well, with Viax/ K Values only 18-200-fold below those for
extension of natural Watson—Crick pairs. In marked contrast, Kf essentially does not extend
these pairs, giving extension frequencies 4-5 orders of magnitude below that of natural
DNA. This likely reflects the different roles of these enzymes in cellular replication and
repair. While Kf participates in replication of chromosomal DNA as part of normal cellular
DNA synthesis, the Dpo4 enzyme and its £. colirelatives are repair enzymes. Dpo4 in
particular is a translesion synthesis enzyme, being responsible for extension of mismatches
and alkylated base damage.20-21 Based on this biological role, it is logical that Dpo4 might
be functionally better suited to extending XDNA pairs, which, like most mismatched and
damaged pairs, are sterically large and geometrically distinct from natural pairs.

Our data for Dpo4-catalyzed synthesis of multiple consecutive XDNA pairs (Fig. 3) show
that this polymerase is not restricted to a single xDNA pair in its ability to synthesize and
extend this unnatural structure. The experiments confirm that the enzyme can bind a
template-primer when it is fully composed of the expanded pairs, and can make four
successive correct XDNA pairs. The ability of the enzyme to process this enlarged helix is
interesting, and we know of no prior examples in which an enzyme has been shown to
correctly process a fully substituted unnatural base pair architecture. NMR structural studies
of XDNA helices have shown that they are right-handed and resemble B-DNA in backbone
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conformation;? this resemblance to the native structure is likely to aid in the polymerase
binding. However, the groove widths and depths are quite different than natural DNA, which
suggests that this enzyme's steric flexibility must be important to its activity in this context.

A closer look at the data for cases in which the two enzymes exhibited incorrect selectivity
in extension (/.e., a preference for an xDNA mismatch) is instructional. The experiments
showed frequent extension of T-xT and T-xC mispairs (Fig. 2C,D). We hypothesize that
these mispairs are favored because they most closely adopt a structure resembling that of a
canonical DNA pair (Fig. 3). Examination of likely hydrogen-bonded mismatch structures
shows that the T-xT mismatch is expected to be able to pair with a structure closely
analogous to a T-G wobble-type mismatch (Fig. 4, left). Interestingly, both enzymes extend
T—xT mismatches with efficiency close to that of T-G/G-T mismatches (Tables S2 and
S3t). A second example is the relatively efficient T-xC mismatch, which might adopt a
hydrogen-bonded structure analogous to an A—T pair. In addition, tautomerization of xC to
further increase complementarity to T cannot be ruled out. In both these cases, the
mismatches appear to be able to form a structure more analogous in size to natural DNA,
which may explain their relative efficiency. Structural studies would be needed to confirm
whether these specific mispaired structures are indeed formed.

Recent studies by Matsuda and coworkers®® also provide evidence of this polymerase
selectivity for structures that approximate the natural DNA pair size and geometry. Using the
Klenow fragment (exo-), they explored single base pair synthesis involving pairs having four
hydrogen bonds. They observed that enzymatic synthesis of naphthyridine :
imidazopyridopyrimidine pairs, which were closely analogous to Watson—Crick pairs in
glycosidic distance, was efficient. However, pairs that were also complementary in hydrogen
bonding, but which were considerably larger by addition of a ring, were much less efficient.
This is consistent with our observation of frequent mismatching of XxT and xC with
pyrimidines, which also may form hydrogen bonds and provide a pair size much closer to
the natural one as compared with the intended XDNA pairs.

Our observation of correct editing of xDNA pairs by Kf exo+ (Table 1) is interesting, and
suggests that this activity would contribute positively to the fidelity of xDNA synthesis. The
frequency by which a polymerase successfully incorporates a given nucleotide overall into a
growing primer depends on insertion, extension, and editing probabilities.22 The current data
show that Kf can synthesize and edit XDNA correctly. However, the enzyme, which has low
processivity, would very likely stall and dissociate before extending terminal XDNA pairs.
On the other hand, Dpo4 extends such termini with relatively high efficiency. This suggests
that a combination of these two enzymes (or related ones) might be able to replicate XDNA
strands with higher efficiency and fidelity than either enzyme alone. An enzyme
combination (Kf and pol b) was used recently by Romesberg and Schultz to synthesize and
extend hydrophobic base pairs in an effort to address the lack of minor groove hydrogen
bonding groups.23 The current results suggest that a different enzyme combination might be
useful in addressing a sterically demanding base pair geometry.

These results have some interesting implications in interpreting recent observations of
cellular bypass of single XDNA bases in £. coli.13 Those experiments, which involved
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replication of M13 single-stranded phage DNA containing one XDNA base, showed that XA
and xT were highly efficiently bypassed, while xC and xG were bypassed with moderate
efficiency. Induction of SOS (repair) response resulted in increased bypass of all cases.
Interestingly, we find here that Dpo4 (a repair enzyme in the same family as £. colipol V)
yields the same extension preference, with XA and xT the most efficiently extended of the
four. This suggests that repair polymerases with functional behavior similar to Dpo4 are
largely responsible for bypass in £. coli. However, it may well be that a combination of
enzymes carries out insertion, editing and extension steps in the cellular replication.
Additional experiments with bacteria having specific polymerases knocked out would be
instructional on this issue.

Our data suggest that for successful replication of XDNA (and other large base pair designs),
one will need to address not just the synthesis of a sterically demanding base pair, but also
its editing and extension as well. It will likely be challenging to find one naturally occurring
enzyme that can handle all three efficiently and correctly because of the specialized nature
of cellular polymerases. This might be addressed in one of two ways: either by use of
multipleenzymesincombination,assuggested above,orbyfinding or evolving mutations in
existing polymerases that alter the natural preference for the size of DNA base pairs.

Experimental

Nucleoside phosphoramidite derivatives of dxA, dxG, dxT, dxC

Syntheses of these four compounds were carried out as previously reported.5b:c

Oligonucleotide synthesis

Oligodeoxynucleotides were synthesized on an Applied Biosys-tems 394 DNA/RNA
synthesizer on a 1 mmol scale. Coupling employed standard p-cyanoethyl phosphoramidite
chemistry, but with extended coupling time (600 s) for nonnatural nucleotides. All oligomers
were deprotected in concentrated ammonium hydroxide (55 °C, 14-16 h), purified by
preparative 20% denaturing polyacrylamide gel electrophoresis, and isolated by excision and
extraction from the gel, followed by dialysis against water. The recovered material was
quantified by absorbance at 260 nm with molar extinction coefficients determined by the
nearest neighbor method. Molar extinction coefficients for unnatural oligomers were
estimated by adding the measured value of the molar extinction coefficient of the unnatural
nucleoside (at 260 nm)tothe calculated value for the natural DNA fragments. Previous
studies have shown that xXDNA bases have very low hypochromicity in xDNA oligomers.%a.d
Molar extinction coefficients for xDNA nucleosides used were as follows: dxA, epgg = 19
800 M1 cmL; dxG, eggp = 8100 ML cmL; dXT, e969 = 1200 M1 cmL; dxC, e560 = 5800
M- cm L. Nonnatural oligomers were characterized by MALDI-TOF mass spectrometry: 5-
ACT GXAT CTC CCT ATA GTG AGT CGT ATT A-3’ (calcd. 8604; obsd. 8603); 5"-ACT
GXGT CTC CCT ATA GTG AGT CGT ATT A-3” (cald. 8620; obsd. 8619); 5"-ACT GXCT
CTC CCT ATA GTG AGT CGT ATT A-3 (calcd. 8595; obsd. 8594); 5"-ACT GXTT CTC
CCT ATA GTG AGT CGT ATT A-3’ (calcd. 8595; obsd. 8595).
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Polymerase kinetics methods

Kf polymerase—The 5’-terminus of the primer was labeled using [(y-32 PJATP and T4
polynucleotide kinase. The labeled primer was annealed to the template in a buffer of 100
mM Tris-HCI (pH 7.5), 20 mM MgCly, 2 mM DTT, and 0.1 mg mL! acetylated BSA. A
typical polymerase reaction was started by mixing equal volumes of solution A containing
the DNA—enzyme complex and solution B containing dNTP substrates. Solution A was
made by adding Klenow fragment (exo’) (Amersham) diluted in annealing buffer to the
annealed duplex DNA and incubating for 2 min at 37 °C. The reaction was terminated by
addition of 1.5 volumes of stop buffer (95% formamide, 120 mM EDTA, 0.05% xylene
cyanol and bromophenol blue). Steady state kinetics measurements for standing start single
nucleotide insertions were carried out as described.2 The final DNA template—primer
complex concentration varied in each assay (described in the legends of Tables S1-S37).
Final concentration of triphosphates (0.5-500) uM, amount of polymerase used (0.005- 0.1
unit uL=1) and reaction time (1-60 min) were adjusted to give <20% conversion. Extents of
reaction were determined by running quenched reaction sampleson20% denaturing
polyacrylamide gel. Relative velocities were calculated as extent of reaction divided by
reaction time and normalized to 0.005 unit pL~1 enzyme concentration.

Dpo4 polymerase—E. coli cells expressing Dpo4 were a gift from Dr R. Woodgate
(National Institutes of Health). The protein was purified according to the published method.
14 The concentration was quantitated by the Bradford method. Primer 5” termini were
labeled using [y-32 P]JATP (Amersham Bioscience) and T4 polynucleotide kinase
(Invitrogen). The labeled primer, template and unlabeled primer were mixed with 2x
reaction buffer and water to give a total concentration of primer—template complex of 20
UM. 1x reaction buffer contained 40 mM Tris-HCI (pH = 8.0), 5 mM MgCl2, 100 uM
nucleoside triphosphate, 10 mM dithiothreitol, 250 pg mL-1 bovine serum albumin (BSA),
2.5% glycerol. The primer—template duplexes were annealed by heating to 90 °C, and
cooling slowly to 4 °C over 1 h. The aforementioned duplex solution (2.5 pL) was mixed
with Dpo4 (2.5 pL), and the reaction was initiated by adding a solution of the appropriate
dNTP (5 uL). Enzyme concentration (0.01- 1.0 uM), reaction time (2—-60 min), and dNTP
concentration (1- 500 uM) were adjusted in different ANTP reactions to give less than 20%
incorporation. Reactions were quenched by 15 pL of 95% formamide/10 mM EDTA
containing 0.05% xylene cyanol and 0.05% bromophenol blue. Extents of reaction were
determined by running quenched reaction samplesona20% polyacrylamide/7 M urea gel.
Radioactivity was quantified using a Phosphorimager (Molecular Dynamics) and the
ImageQuant Program. Reaction velocity v (M min-1) was defined as v = [S]-lext/[ (Iprim
+lext) 1], where [S] is the concentration of triphosphate, lext and Iprim are the intensities of
the extended product and the remaining primer, respectively. The kcat (Vmax) and Km
values were obtained from Hanes—Woolf plots (Table 1) or Eadie—Hofstee plots (Tables S1-
S3t).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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133 A
(xDNA) (DNA)

Fig. 1.
Nucleosides and base pairs used in this study. (A) The four xDNA monomers. (B)

Comparison of XDNA and DNA base pairs, showing difference in C1°'~C1” distances.
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A 1E+D6 B 1E+06
nucleotide insertion, Dpo4 nuclectide insertion, Kf
1E+05 1E+05 =
1E+04 1E+04 =
E E
X 1E+03 §E 1E+03 =4
R =
1E+02 1E+02
1E+01 - 1E+01 =
1E+00 - 1E+00 = L
NP - ACGT ACGT ACGT ACGT owP - ACGT ACGT ACGT ACGT
template —= xA xC xG xT template — xA xC xG xT
C 1E+08 D 18
extension, Ki extension, Dpo4
1E+05 = 1E+05
1E+D4 1E+04 -
{ 1E+03 g;w_»oa— W -
E
= 1Es024 > 1es02
1E+01 4 1E+01
1E+00 - 1E+00 - -
pimer - A CGT ACGT ACGT ACGT  pimr - ACGT ACGT ACGT ACGT
template —- XA xC xG xT tompiate —s- xA xC xG xT
Insertion experiment dNTP Extension experiment anNIe:
Primer* 5. TAATACGACTCACTATAGGGAGA Primer*  5-TAATACGACTCACTATAGGGAGAX
Template 3-ATTATGCTGAGTGATATCCCTCTXGTCA Tomplate  3™-ATTATGCTGAGTGATATCCCTCTYGTCA

Y=xA xC, xG, xT, NX=A,C, G, T

Fig. 2.
Plots (top) comparing kinetic efficiencies and selectivities for XDNA pair synthesis and

extension for Dpo4 and Kf exo- enzymes and primer: templates (bottom) used in single
nucleotide insertion and extension experiments. (A) Nucleotide insertion by Dpo4; (B)
nucleotide insertion by Kf exo- (data from ref. 13); (C) primer/template base pair extension
by Kf exo- (extending various pairs/mismatches shown); (D) base pair extension by Dpo4 (*
= estimated maximum value; see Table S31). In all graphs, units on Vinay/ Km = min~t.uM1,
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D AT XA AAAAGT I,.7:CT:ACT.G.C.,C

ATATTTTTCAAAGA
ATATTTTTCAAAGAT

ATATTTTTCAAAGATG
ATATTTTTCAAAGATGA
- — ——
T —

dNTP: A C G T ACGT ACGT ACGT

primer: 1

Fig. 3.

2 3 4

Multistep replication on an xXDNA template by Dpo4. Conditions: 100 nM template—primer
duplex, 40 mM Tris-HCI (pH = 8.0), 5 mM MgCl,, 10 mM DTT, 250 ug mL ™1 bovine
serum albumin (BSA), 100 uM single dNTP, 500 nM Dpo4, 0.3 unit mL~1 pyrophosphatase,
incubated at 37 °C for 5 min in a reaction volume of 5 L.
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H,N
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Fig. 4.
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/! CHs
HiC O H—N

?—<f )

4 TR

/N ’}_N‘H dR
dR O O

T - xC mismatch

T - A pair

Comparisons showing hypothesized geometric similarity of possible XDNA mispair
structures with structures of a T-G wobble-type mismatch and a T-A pair.
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